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We present a model for the titration of an oxygen saturated catalytitlRhsurface with hydrogen.
Oxygen is removed by reaction-diffusion fronts. Experimentally, these fronts have been observed to
be either isotropic or triangular depending on the conditions of preparation of the oxygen layer as
well as on temperature and hydrogen pressure. If we model only the surface reaction and the
diffusion of hydrogen, we obtain isotropic fronts with velocities in the range of 2m3 *. These

results are in line with experimental measurements for surfaces exposed to oxygen for a short
period. To correctly reproduce the possible triangular shape of the titration fronts and the smaller
front velocities of 0.1-Jum s * for experiments with the surface exposed to oxygen for a long time
(>1 h), we have to include the formation of a subsurface oxygen-rich phase and its removal. It is
assumed that the phase transition between the oxygen-rich and oxygen-free subsurface phases
occurs via front propagation, and the front speed has triangular symmetry compatible with the
symmetry of the crystalline bulk. By fitting parameters describing the propagation of the phase
transition front, its anisotropy and its coupling to the reaction-diffusion front on the surface, we have
been able to quantitatively reproduce all experimental observations presented by Schaak and Imbihl
in Chem. Phys. Lett283 386(1998. © 2002 American Institute of Physics.
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I. INTRODUCTION result of the anisotropy of the catalytic surface, e.g., the

Spontaneous formation of spatial structures and nonlin(110) surface. In contrast, surface diffusion is isotropic on
P . . P . . , the RH111) surface. Consequently, anisotropic surface diffu-
ear waves is observed in chemical reactions in solufan

. . . sion is ruled out as an explanation for the triangular fronts
mogeneous catalysigss well as in surface reactiofisetero- .
’ . . . which appear between patches of surface H resp. O and were
geneous catalysis While concentration patterns in the reported in Ref. 17see Fig. 1
Belousov—Zhabotinsky and other homogeneously catalyzeQEp ' 9.

liquid phase reactions were discovered already around 1970(b In tr;e Iat;erf_woczk, a R(ill{_ Surf?l_(;]e IS covere(icll W't_ht
pattern formation in heterogeneous catafysias been stud- Xygen lfor a defined exposure time. Then, oxygen How into

ied systematically only after the arrival of the photoemissionthe reaction chamber is closed and hydrogen is added with a

electron microscopdPEEM).* Surface catalysis has pro- constant gas phase pressure. This leads to a reactive removal
vided not only a truly two-dimensional system, but also in-Of the 0xygen by hydrogeritration) and eventually to a
troduced new aspects like anisotrépmd global couplin@‘s hydrogen coyered surface. A closer look at the gxperlment
into the field of pattern formation. Experiments have re-shows that triangular fronts only form after a suﬁjuently a
vealed square-shaped pattdrifsand traveling fragments ~ '0ng exposure of the sample to oxygerl h), while for
in the reaction of NG-H, on a RK110 surface and more short exposure times, isotropic and much faster fronts are
recently triangular front€ in the O,+H, reaction on a observed. Triangular fronts are seen for high hydrogen pres-
Rh(111) surface as new phenomena due to anisotropy. sures or low temperatures. In addition, it is known that a

Square-shaped pattetf$35and traveling fragments ~ Subsurface oxygen layer is formed during front propagation

. . 18 .

have been modeled with reaction-diffusion equations that the G;+H; reaction on RtL11).™ These experiments have
contain anisotropic and coverage dependent diffusion coeffi?€en successfully modeled by a reaction-diffusion system
cients. An analysis of a reaction-diffusion model with com-that is based on the elementary steps of the surface reaction
peting anisotropic diffusion processes led to the discovery ofind allows a local exchange of oxygen between the adsorbed
further novel phenomena including stratified spatiotemporal@yer and a subsurface Iay’érSupsurface oxygen also plays
chaos® and suppression of labyrinthine pattefisin all @ role in pattern formation in the CO oxidation on

these models, diffusion is assumed to be anisotropic as B(110.2%%

Here, we propose a model that includes also the effect of
dAlso at: Minerva Center for Nonlinear Physics of Complex Systems, andSUb.Surface .OXy.gen on th.e pr?gagatlon of the hydrOgen front
Institute of Catalysis Science and Technology, Technion; 32000 Technio®Uring the titration experiments.The model is based on the

City, Haifa, Israel; electronic mail: pismen@tx.technion.ac.il mechanism of the surface reaction between oxygen and hy-
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T=490K T=510K T=530K

[112]

[211]

FIG. 1. PEEM images showing triangular and circular front geometries

during the titration of the(8x8)-O structure on R{111) with hydrogen FIG. 3. Plot of the normal vectar= — cos 35 modeling the triangular an-
(P, =5.6X 10" 7 mbay at varying temperature$Reprinted from Ref. 12. isotropy.

drogen that leads to water formation and hydrogen surfacg : . .
diffusion. It allows an exchange of oxygen between surface. and two dimensions are performed and compared in
' g Y9 reat detail to the experimental resuftswhile most rate

and bulk. We assume that a subsurface oxygen layer W'@onstants for the adsorption of hydrogen and the reaction of

form during the long exposure to oxygen. This subsurfac :
oxygen-rich phase is removed during the titration and thgnydrogen and oxygen are known from other experiments,

phase transition to the pure bulk phase propagates via assumptions on the speed of the phase transition front and

phase transition front. The propagation of this front is af-t%e degree of anisotropy have to be made. The systematic

. . . experimental investigations of propagation speed of the hy-
fected by the microscopic structure and reflects the micro- P 9 propag P y

scopic tetrahedron structure of the Rh crysie Fig. 2 drogen titration front on the surface and the degree of its

: . nisotr function of th ntrol rameters—
while the surface diffusion of hydrogen occurs on ahexagofr’1 sotropy as a function of the control parameters

. . . ; . 2~temperature and hydrogen pressure—allow us to fit these
nal lattice and is thus well described by an isotropic diffusion P ydrogen p .
operator. We assume that as the subsurface oxygen rises LLgknown parameters in the model. In general, we find that
P R Y9 the slower front “enslaves” the faster one and characterizes
the surface it is influenced by the tetrahedral atomic structurrf=-h

. . e observed pattern. For high temperatures and low hydro-
|n.the c;rystal bulk. T.h.'s causes the subsgrfacg front' o Sp.reagen pressures, isotropic patterns are observed, because then
with different velocities depending on its orientation with

the titration front is slower than the phase transition front.
respect to the crystal axes. The angular dependence of ﬂll_e P

. ) or the opposite limits of control parameters, triangular pat-
front velocity obeys a triangular symmetry. PP P 9 b

. . rns are foun h rf xygen front slow
Altogether, our model describes the coupling between ate s are found because the subsurface oxygen front slows

. . i e : ‘Yown the titration front and imposes its triangular shape on
isotropic reaction-diffusion process on the surface with an . . .
: . i o it. In all cases, the front velocities are considerably smaller if
anisotropic phase transition frofwith triangular symmetry : . .
roceeding from the oxvaen-rich to the pure phase in thethe surface is pretreated with oxygen and a coupling to sub-
gubsurfacf':l layer. The cotg ling is mutual; ?he re?ease of Subs_urface oxygen removal affects the titration process. This
yer. piing T could be expected for the case where the subsurface front
surface oxygen slows down the hydrogen titration front on

the surface, while the phase transition front propagates Onlenslaves the hydrogen front on the surface, but comes as a
' P propag gurprise for the opposite case. A concise summary and dis-
as a result of the subsurface transport towards the surfac

: . T : . ussion is given at the end of the article.
The details of the model angl its (_1er|vat_|on will be descrlb_ed The proposed model shows that the microscopic symme-
in Sec. Il. In Sec. lll, numerical simulations of the model in

try of the crystal can affect reaction-diffusion fronts on the
surface, provided that they are coupled to the removal of a
bulk subsurface oxygen phase. This mechanism for the for-
mation of patterns with broken rotational symmetry is quali-
tatively different from the impact of anisotropic surface dif-
fusion on RIi110 and P¢110) reported in the past.

Il. THE MODEL

The proposed model is based on the kinetics of the
hydrogen—oxygen reaction on a catalytic surface. The as-
sumed reaction scheme for water formation réads

H2+2*—)2Had, 02+2*—)20ad,

Ot Hag—OHagt*,  OHpgtHyg—H,0+ 2%,
FIG. 2. Structural model of the two upper @1 surface layers formed by @ a' & ) @ @ )
a tetrahedron structuréReprinted from Ref. 12. The reversible formation of subsurface oxygen is added
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Oa=Ogupt*.

For simplicity, we have neglected desorption processes. It is
also assumed that the first step of the reaction, the formation
of OH,q, is the rate limiting step. During the titration process
the rate of oxygen adsorption is zero. The concentration of
subsurface oxygen is difficult to determine, since it is not
known how deep oxygen penetrates into the bulk of the Rh
crystal. Instead, we assume that there is a subsurface oxygen-
rich phase in the bulk underneath a completely oxygen cov-
ered surface, given a long enough dosage of the oxygen be- L i
j=N

fore the titration. For short dosage times, only the surface is
covered with oxygen and the bulk is in the pure Rh phase. If
the surface oxygen is removed, the subsurface oxygen seg-
regates to the surface.

Characterization of a subsurface oxygen layer phase FIG. 4. The interphase boundary and surface grid.
with a definite crystalline symmetrithough possibly differ-
ent from that of a bulk oxideis supported both by x-ray ] ] ]
photoelectron diffraction datiand computations by means the adsorbed species, and has triangular anisotropy compat-
of the density-functional theoR’ These studies reveal aniso- iPl& with the bulk structure. _ _
tropic crystalline structure of the subsurface layer with three-  Adding up all these ingredients, the model equations
fold symmetry, as well as the tendency to the agglomeratiofiead

X . ]
interpolation of @ i“'f'o

at boundary point k

of the subsurface species. According to the interpretation of y 0o 2

x-ray date?® subsurface oxygen atoms preferentially occupy - klsz( 1——— 0H) —2k30004+DyV26y,
octahedral sites between the first and second Rh layer, just )

underneath the face-centered culfice) surface adsorption (€
sites. The theoretical stutfiyconcludes, however, that this

configuration is metastable, whereas tetrahedral subsurface 7=k2J(0§“— 00) —K30004, (2

configuration is energetically favorable. Irrespectively to dis-
agreement in crystallographic details, the subsurface phagehere 65 and 6 are the surface concentrations of;@nd
acquires three-foldtriangulay symmetry, which is a conse- Hag andJis a subsurface oxygen stepfunction:
quence of_ th(_a tetrah.edral local structurg of the fcc Rh crystal. { 1, for the phase with the subsurface oxygen
It is qualitatively different from the six-foldhexagonal = ) )
symmetry of a single layer forming @11) crystal face. 0, forthe phase without the subsurface species.
It is clear that only the influence of the bulk crystalline )
structure may be responsible for surface patterns with a tri-  The expression for the angle-dependent spggd) of
angular symmetry, such as triangular titration fronts of hy-the phase transition front is
drogen that remove surface oxygen observed in the _ sat
experiment? This symmetry is also observed, in particular, Cnl#)=Co(1+ @0 €0S 3¢)(05 ™ bo). @)
in triangular faceting patterns obtained in simulations of ki-By our definition, the velocity is positive when the oxygen-
netically controlled crystal growth of fcc crystd#iSA higher  free state advancésee Figs. 3 and)4lf we assume that the
hexagonal symmetry in thel11) plane can be broken only oxygen gradient §3'— 6,) in the aforementioned formula is
due to bulk effects and, therefore, triangular symmetry isconstant, we can apply the criterion for formation of sharp
impossible as long as oxygen adsorbs on the surface and mayprnersc, () + d?c,(¢)/d$p?><0 (compare Ref. 18to the
arise when subsurface oxygen is present. This well agregshase transition front. One easily finds that sharp corners
with the fact that triangular shapes were observed only folform if ay>1/8. This relation implies that the ratio of
lowing a long exposure to oxygen when subsurface absorpside-to-corner velocity fulfillsv = Cgige/ Ceomer< 7/9~0.778.
tion occurred. This oversimplified argument is indeed in reasonable agree-
In accordance with this, we base our model on the asment with the measurements presented in Fig. 1; for the tri-
sumption that subsurface oxygen formgphaseseparated angular shapes atl=490 K resp.T=510 K, experiments
from oxygen-free metal by a boundary, which possesses ameportv =0.70 respv =0.73, whilev =0.85 is measured for
isotropic line tension and is sharp when viewed on a macrothe weakly elliptic, almost isotropic titration front ak
scopic scale. When the surface adsorption layer is partially=530 K. Below, we shall usexy=0.2, which is not only
removed in the course of a titration experiment, a phase trarconsistent with the experimental observations, but also im-
sition occurs, and the phase transition front propagates amlies a triangular phase transition front, under conditions
isotropically, obeying a triangular symmetry in thi@1l)  when the coupling to the surface processes can be neglected.
plane induced by the structure of the bulk phase. The front The algorithm for the simulation combines the numerical
speed depends on the magnitude of the segregation flusplution of Eqs(1) and(2) with Eq.(3) on a square grid with
which, in turn, depends on the local surface concentration ofagrangian propagation of the phase transition front accord-
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TABLE . Basic constants of the modé{,=v? exp(— EY/RT). (a) 4 -
o - B .
Activation _c-) 3.5 p H2—5'6X1 0 mbar
energy, Reference 2 3
Ki Preexponential factog? E? (kJ/mo) No. o 2.5 //
g 2.
H, adsorptionk, 2.22<10° ML s *mbar? - 26 - 2 . .
oxygen transport, 1x108 st 120 2 s
Hagt Oaq reaction kg 1x108¥ ML st 110 26 E .
Haq diffusion, Dy 0.25 um?s7? 18 27 !
velocity, ¢, 0.45< 10" yum ! 120 © s e @ eoxperiment
— simulation
460 480 500 520
T [k]

ing to Eq.(4). The details are presented in Appendix A. The
results of the computations will be further compared in detail (b)
with the experimental data of the ratio between side and
corner velocities of the titration frontg.

’ pH2=5.6x1 0/ mbar

0.8} Cside / Ccomer
b . ———— .

IIl. NUMERICAL RESULTS

The parameter values used in the following computa-
tions are presented in Tables | and Il. First, the simulations

¢ [pm/s], Cgge / Ccomer
o
»

have been carried out in one dimension for different orienta- 0.2 £ ® ¢ eexperiment
tions ¢ in order to obtain the front speed dependencelon side — glifitation
and PH, and estimate the parameters of 4. In this com- . 260 280 500 520
putation, V26, in Eq. (1) is replaced by the second deriva- T [k]

tive 926,/9x>. In the simulation withk,= 0 (pure phasgthe

front propagates isotropically and fast. As seen in Fi@),5 (C)
the simulation somewhat underestimates the increase of th
front speed with growing temperature. A possible reason is
the neglected temperature dependence of the hydrogen sticl
ing coefficient that enters the adsorption r&ate We have

used the data from Ref. 26, wheke= constant, while it is

Cside / € corner

€ [um/s], Cgge / Ccorner
o

likely to be T activated. When the subsurface oxygen is in- 0.4

cluded in the model, th_e front propagation is de_layed signifi- 0.2 o o soxperiment

cantly, and anisotropy is observed. Assuming triangular sym- — simulation

metry d((jascribed by thr? anglle-_dep?nr(]jent function ig(E)qd. 2 5 - s e 5z ==

we need to compute the velocity of the “corner” and “side” 7

o P y Py, (10 mbar]

Neige= — 1, FIG. 5. Dependence of the front velocity gnand py, for two differently

Cr=Co(1+ agn)( Gsc‘)at— 0o), Wwhere (5) prepared oxygen covered surfaces: nonoxidizednd oxidized surfackb)

corner= 1. and(0)].

The ratio Cgige/ Ceomer Will Serve to indicate the anisotropy

(Csige/ Ceomer=1 for the circular front anatgge/Coome<1 for

the triangular one Since we have no data describing the whereas foiT =530 K, one gets,~7.44 ums *. Thus, the
nature of the Q;;—O,q transition, the coefficientk,, ¢, phase transition front is strongly temperature dependent,
andag have been fitted. The comparison of experiments withwhile the titration front in the case without subsurface oxy-
the simulations is shown in Figs(l§ and 5c). Note, thatthe  gen is only weakly temperature dependent: it changes from
front velocities in the model with the subsurface oxygen~2.2ums !atT=460 K to~3.0ums tatT=530 K[see
phase in Fig. &) are considerably lower than the velocity Fig. 5a)]. These data also indicate that it is fastsiowen

for the pure surface reaction with,=0 in Fig. §a). It is  than the triangular phase transition front at I¢wigh) tem-
instructive to consider the change of the temperature depemperatures. Interestingly, this change coincides with a change
dent velocity coefficienic, that governs the speed of the of the morphology from triangular to isotropic fronts if the
phase transition. FOF =460 K, we havecy~0.06 ums ™,  two processes are coupled. From this, we can conclude that
the slower front determines the morphology of both fronts in
the case where both fronts are coupled.

The profiles offy and 5 in one-dimensina(1D) simu-
Coefficient Value lations are shown in Fig. 6. At loW, the oxygen coverage at
the front position is far from the saturation value 1 and hy-
drogen has penetrated the area where the oxygen-rich sub-
surface phase is present, while at highthe oxygen cover-

TABLE IlI. Other coefficients.

Surface oxygen fraction at saturatiof§" 1
Anisotropy coefficientg 0.2
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gourt 450K, Py56x107 mbar
1.0

,=10x 10°® mbar

0 initial positions Py
08 o of the fronts

06 O
0.4

J=1 J=

0.2

00—ttt —
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1.0 ' : : |
8o ; ; i fog :

08 P s 2 @ 5
0.6 _i ._ pJ,2 =5.6x10 mbar T=510K;"%'p Hap =30.0x 10 mbar

0.4 0y

02} I=t J=0 J=1
H H x[mm]

0.0
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FIG. 6. Front profiles obtained in 1D simulations for different temperatures
at constant hydrogen pressures, corresponding profiles from 2D simulation:

are almost indistinguishable. Inset: the final 2D shapke=a450 K (triangle
and T=530 K (circle).

FIG. 8. 2D simulation of developing triangular shaped fronts at different
age at the front is close to unity and subsurface oxygen isonditions. The gray-scale images show surface oxygen distribufign:
practically absent beneath the area where hydrogen is ad-0 inside the spotéwhite areaand o=1 outside(black area
sorbed. These front shapes indicate that the visible and ex-
perimentally recorded surface titration front is slowed down

and adjusts to the invisible phase transition front at lBw tion front propagation, which then leads to a circular front

while it is itself slowing the phase transition front at high shape(regime 1). The hydrogen pressure accelerates the

in line with the above reasoning. The front speed has beeﬁont Vel9c't¥ proportlonally t‘{ sz'28 This experimental
measured as a mean value @f. Despite the fact that the _obsgrvann is in agreement with the model result; presented
O-free part of the surface is still not saturated by hydrogenin Fig- 5(c). An increase o, causes fast propagation of the
the front speed can be assumed as “stationary” after the frorftydrogen front, then the phase transition has limiting effect
passes a transient. The duration of this transient has beéfegime ), therefore, the front exhibits the triangular shape.
determined from numerical tests. An example of front speedit low py,, the regime Il is reproduced. Two-dimensional
relaxation is shown in Fig. 7. (2D) simulations are in a good agreement with the 1D cal-
The variation of the experimental conditions does notculations and experimentsee Figs. 1 and)8A decrease of
cause changes in the crystal anisotropy, i.e., the rate of thE and increase o;f)H2 lead to a more pronounced anisotropy

Osus—Oaq transport k;) remains homogeneous over the en-of propagating fronts, as seen in Fig. 8. The 1D sections of

tire surface. The anisotropy reveals itself due to reaction kithe 2D simulation results through the midside and cotaer
netics when the slow progress of the phase transition frony=0) almost coincide with 1D results.

(smallk,, Dy, low T) delays the front propagation. Under

these conditions, the anisotropy of thg @-O,qtransitionis  |\/ cONCLUSIONS
pronounced, and the front has the triangular sheggime ). _ _ o
On the contrary, relatively faster progress of the phase tran- We have introduced a model for triangular titration

sition front (big k», high T) is hindered by the slower titra- fronts in the hydrogen—oxygen reaction on (RH). The
model comprises hydrogen adsorption, reaction of O and H

and isotropic hydrogen surface diffusion. In addition, we had

T=510K, p, =2.5x10"®mbar to take into account the formation of a subsurface oxygen-
c 2 rich phase, flux of subsurface oxygen onto the oxygen-free-

[kmvs] surface, and a triangular anisotropy of the propagation speed

Iig ® cofner| < e of the phase transition front between the oxygen-rich and

0.0 ~JI D . oxygen-free subsurface phases.

0.75 N b $side Apart from the external control parameters—hydrogen

0.60 N y pressurepy, and surface temperatuile—the model contains

g'gg _dN 7 the parameters describing the oxygen segregation between

0.15 dfthi-oirbeatar-front the subsurface phase and surface and the mean velocity as

0.00 aF X]mm] well as the anisotropy parameter for the phase transition

0.2 0.3 0.4 0.5 0.6 0.7

front. The anisotropy parameter, i.e., the ratio between the

FIG. 7. The front speed transient affected fiycoverage. Insert: the origi- Side and corner Ve.IOCity of the triangular phase transition
nal circular front shape and its transformation to the triangular one. front, has been estimated to be roughly 2/3 from the largest
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observed anisotropy of the experimental titration fronts, se€5) The boundary points are separated by distamggs ; .
Ref. 12 and data reproduced in Fidch The velocity coef- Check the front interface: itlj,<dyy+1<Omax, 90 tO
ficient cq in the aforementioned model equation is assumed  step 5, otherwise, add/remove points of the front inter-
to be thermally activated. It is proportional to the flow of face.

oxygen from the bulk to the surface described by the ratgg) output: 6, i, 6oij, Ji;, array of the front interface
constantk,. When the temperature decreases or the hydro- points {X,, i,k}_ Return to step 1.

gen pressure increases, the phase transition front is much

slower than the reaction-diffusion front on the surface, which

is mostly driven by hydrogen diffusion. In this case, it en-

slaves the titration front on the surface and imposes its trian-

g_UIalj shape upon the Iattgr front. In the OppOSIte case, theChemical Waves and Patternedited by R. Kapral and K. Showalter
titration front restores the isotropy and dominates the phase kjywer, Dordrecht, 1994
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